Many women with breast cancer experience symptoms of pain, fatigue, and depression, collectively known as psychoneurologic (PN) symptoms, during and after chemotherapy treatment. Evidence that inflammatory dysfunction related to cancer and its treatments contributes to the development and persistence of PN symptoms through several interrelated pathways is accumulating. However, a major limiting factor in more precisely identifying the biological mechanisms underlying these symptoms is the lack of biological measures that represent a holistic spectrum of biological responses. Metabolomics allows for examination of multiple, co-occurring metabolic pathways and provides a systems-level perspective on biological mechanisms that may contribute to PN symptoms. Methods: In this pilot study, we performed serum metabolome analysis using liquid chromatography high-resolution mass spectrometry of global and targeted metabolomics from the tryptophan pathway from archived samples from 19 women with early-stage breast cancer. We used paired t tests to compare metabolite concentrations and Pearson's correlation coefficients to examine concomitant changes in metabolite concentrations and PN symptoms before and after chemotherapy. Results: Levels of pain, fatigue, and depression increased after chemotherapy. Compared with prechemotherapy, global metabolites post-chemotherapy were characterized by higher concentrations of acetyl-L-alanine and indoxyl sulfate and lower levels of 5-oxo-L-proline. Targeted analysis indicated significantly higher kynurenine levels and kynurenine/tryptophan ratios post-chemotherapy. Symptoms of pain and fatigue had strong associations with multiple global and several targeted metabolites. Conclusion: Results demonstrated that metabolomics may be useful for elucidating biological mechanisms associated with the development and severity of PN symptoms, specifically pain and fatigue, in women with earlystage breast cancer.
, quality of life (Bower et al., 2000; Langford et al., 2016; Jones et al., 2015) , work life, and employment outcomes (Blinder, Eberle, Patil, Gany, & Bradley, 2017; Kamal et al., 2017; Lindbohm et al., 2014) . As women frequently report PN symptoms throughout treatment and, in some cases, for years into survivorship, a significant number of research studies have focused on identifying the mechanisms that influence PN symptom severity and duration.
Accumulating evidence suggests that several interrelated biological mechanisms related to inflammatory activation by cancer and its treatments may contribute to the development and persistence of PN symptoms in women with breast cancer (A. Starkweather et al., 2017) . Immune activation related to cancer and its treatments results in increased production of pro-inflammatory cytokines, contributing to the development and maintenance of sickness behavior, which includes PN symptoms. Cytokines cross the blood-brain barrier via active transport mechanisms in the choroid plexus and circumventricular organs and have direct effects on neurotransmitters, neural processing (Dantzer, 2017) , and neuronal/glial cell modulation, suggesting an association with mood disorders and sickness behaviors (Liu, Adibfar, Herrman, Gallagher, & Lanctôt, 2017) . Inflammatory activation by tumor cells and cancer treatments may also affect mood and behavior indirectly by activating the tryptophan (TRP)-degrading enzyme indoleamine 2,3-dioxygenase (IDO; Savitz et al., 2015) . TRP, an essential amino acid, is a building block of protein as well as a substrate for two important biosynthetic pathways: the generation of neurotransmitter 5-hydroxytryptamine (serotonin) by tryptophan 5-hydroxylase and the formation of kynurenine derivatives and nicotinamide adenine dinucleotides (NADs; Figure 1 ). Elevated levels of IDO activity increase the degradation of TRP, a precursor to the synthesis of biogenic amines including serotonin, as mentioned above, and melatonin (Kim, Miller, Stefanek, & Miller, 2015) . The degradation of TRP leads to the production of the coenzyme NAD and, through the kynurenine pathway, of neuroactive intermediates, including 3-hydroxykynurenine and quinolinic acid (QA), neurotoxic metabolites that have been associated with mood and behavioral symptoms across conditions including major depressive disorder, cognitive dysfunction (Savitz et al., 2015) , multiple sclerosis (Aeinehband et al., 2016) , brain aging (Tö rö k, Majláth, Fülöp, Toldi, & Vécsei, 2016) , and sleep disturbances (Cho et al., 2017) . The metabolic steps of the kynurenine pathway ( Figure 1 ) that lead to an increase in QA concurrently lead to a decrease in kynurenic acid, the neuroprotective branch of this pathway, thus contributing further to a pathogenic inflammatory process (Cho et al., 2017) . Because of the frequent co-occurrence of chronic pain, fatigue, depression, and sleep disturbance (PN symptoms) and the reported interrelationships of these symptoms, whether individual or clustered, with inflammation (Laird et al., 2013; Miaskowski et al., 2017) , authors have suggested that these conditions may share a common biological mechanism represented by inflammationinduced IDO activation and the downstream metabolic steps of the kynurenine pathway and resultant decreases in the bioavailability of TRP for the synthesis of serotonin (Cho et al., 2017; Dantzer, 2017; Laumet et al., 2017) .
Evidence that the inflammatory dysfunction related to cancer and its treatments contributes to the development and persistence of PN symptoms through several interrelated pathways has been growing. However, a major limiting factor in more precisely identifying the biological mechanisms of PN is the lack of biological measures that represent a holistic spectrum of biological responses. To date, researchers have studied the systems and pathways underlying PN symptoms primarily by focusing on an individual biological pathway, often in isolation from other relevant and concordant biological responses. Metabolomics provides a powerful array of tools to study hundreds of key molecules simultaneously and quantitatively (Beger et al., 2016; Quinones & Kaddurah-Daouk, 2009 ). In addition, many biological substances that are difficult to measure using traditional laboratory procedures, such as monoamines, can be measured more precisely and simultaneously using metabolomic methods. Thus, metabolomics is a promising method for differentiating biological pathways of complex phenotypes such as PN symptoms in individuals with cancer. In fact, the metabolome may offer the most revealing real-time view of biological heterogeneity and variation in response to treatment of all of the omics, and it does so at a systems level (Beger et al., 2016) .
In the present pilot study, we performed serum metabolome analysis using liquid chromatography high-resolution mass spectrometry to characterize global metabolites and targeted metabolites in the TRP/kynurenine pathway of breast cancer patients prior to and after they received standard chemotherapy and to identify metabolites associated with changes in levels of symptoms after chemotherapy. We selected the TRP/kynurenine pathway for targeted analysis due to existing reports indicating a role for this pathway in the development and persistence of PN symptoms. Because reports have also suggested that other pathways play a role in PN symptoms, we also performed global metabolomic • 3-hydroxykynurenine (3HK) • 3-hydroxyanthranilic acid • Quinolinic acid (QA) Figure 1 . Effect of inflammatory activation on tryptophan/kynurenine pathways. Adapted, with permission, from Cho et al. (2017). profiling to examine changes related to chemotherapy that might be associated with PN symptoms.
Method
This pilot study was part of a larger, randomized, double-blind clinical trial that tested a noninvasive complementary modality for symptom management (Cranial Microcurrent Electrical Stimulation (CES study)) in women with early-stage breast cancer. In the parent study, investigators noted no difference in levels of symptoms between the intervention and sham-control groups (Lyon et al., 2015) . For the parent study, researchers enrolled women with early-stage breast cancer attending oncology clinics affiliated with a major academic cancer center in the mid-Atlantic region between 2009 and 2013. All participants provided voluntary written informed consent before entering the CES study. The institutional review board at the original study site approved the CES protocol, and the University of Florida board approved the adjunctive metabolomics analysis as nonhuman research. The primary analyses of the current study relied on symptom measures and biological samples from participants recruited as part of the CES trial (clinicaltrials.gov number NCT00902330).
The 19 participants in the present study were a subset of participants in the parent study. In that study, researchers collected blood samples and symptom questionnaires prior to the initial chemotherapy infusion (T1) and 1-2 weeks following the final chemotherapy infusion (T2). Frozen samples from the parent study were shipped using standard procedures to the Southeast Center for Integrated Metabolomics (SECIM) in Gainesville, FL, where they were stored and analyzed.
Metabolite Profiling
Sample preparation at SECIM involved the addition of extraction internal standards and protein precipitation by organic solvent without other steps. After brief centrifugation, the solvent was evaporated from the supernatant and the residue was resuspended in water containing injection standards for analysis of polar compounds. Untargeted metabolomics profiling was performed on a Thermo Q-Exactive Orbitrap mass spectrometer with Dionex ultra high performance liquid chromatography (UHPLC) and autosampler. All samples were analyzed in positive and negative heated electrospray ionization with a mass resolution of 35,000 at m/z 200. Chromatographic separation was achieved on an ACE 18-pfp 100 Â 2.1 mm, 2 μm column with mobile phase A as 0.1% formic acid in water and mobile phase B as acetonitrile, with a flow rate of 350 μl/min and a column temperature of 25 C. Total run time per sample was 21 minutes. In mass spectroscopy (MS) analysis, positive and negative ion polarities were collected separately, as some species such as organic acids are detected as anions, while the amino and organic acids containing nitrogen atoms are detected as cations. Therefore, the laboratory used both negative and positive ionization modes to analyze these two kinds of compounds, respectively. Alignment and feature selection of metabolites was performed using MZmine 2 (Pluskal, Castillo, Villar-Briones, & Orešič, 2010) , an open-source software developed for use in metabolomic studies. Raw data from the instrument were first converted to an open-source format (mzXML) using MS Convert from Proteowizard and then loaded into MZmine. Metabolite identification was performed by reference to an internal metabolite library of 700 compounds characterized by retention time and mass-to-charge (m/z).
Targeted quantitation was performed for selected metabolites (TRP, serotonin, and kynurenine) within the TRP/kynurenine pathway. Samples were prepared by aliquoting 100 μl to a microcentrifuge tube and adding 20 μl of internal standard solution (caffeine-D3, leucine-D10, creatine-D3, tryptophan-D3, and kynurenine-D4). All of the SECIM standard operating procedures are available from the metabolomics workbench as part of the National Institutes of Health sharing plan between metabolomics centers.
PN Symptom Measures
Symptom measurements included well-established, valid, and reliable instruments used frequently in individuals with cancer. In the present study, we focused on the symptoms of pain, fatigue, and depression. The Brief Pain Inventory, a 9-item questionnaire, was used to assess pain severity and interference with daily activities over the past 24 hours using a self-report Likert-type scale anchored at 0 and 10. Cronbach's a ranges from .70 to .91 (Cleeland & Ryan, 1994) . The Brief Fatigue Inventory, a 10-item questionnaire, was used to assess fatigue severity and interference with daily activity over the past 24 hours using a self-report Likert-type scale anchored at 0 and 10. Cronbach's a ranges from .82 to .97 (Mendoza et al., 1999) . The depression subscale (7 items) of the 14-item Hospital Anxiety and Depression Scale (Zigmond & Snaith, 1983 ) was used to assess the presence and severity of depressive symptoms over the past week using a self-report rating scale of 0-3. Cronbach's a ranges from .82 to .90. Because it was developed for use in medically ill patients, it does not rely upon somatic symptoms of depression and anxiety such as pain and weight loss. A complete description of symptom measures used in the parent study appeared in prior publications (Lyon et al., 2015) .
Statistical Analysis
Statistical analysis was performed using statistical software R, Version 3.3.1 (https://www.r-project.org/). Descriptive statistics (mean, standard deviation, frequency, and percentage) were generated for demographic variables as well as PN symptoms and targeted metabolites before and after chemotherapy. We compared PN symptom levels before and after chemotherapy using paired Wilcoxon signed rank tests. Log transformations were applied to both targeted and global metabolomics data before further analysis. Paired t tests were used to compare metabolite concentrations before and after chemotherapy.
Pearson correlations were used to analyze the changes in metabolite concentrations and PN symptoms from "before" to "after" chemotherapy. To account for multiple comparisons, we utilized the approach of false discovery rate (FDR), where we obtained for each test both the observed significance (p value) and the estimated FDR (q value). The q value associated with a test represents the expected proportion of false positives if the test, along with all tests with equal or lower p values, are declared significant. In the present analysis, we adopted the most conservative assumption of a prior null probability of 1 when computing the q values (Storey, 2002) . Given the small sample and preliminary nature of the study, we considered an FDR of 20% to be significant (Benjamini & Hochberg, 1995) . There were no missing data for patient demographic and PN variables. The amounts of missing data in targeted and global metabolites were 19% and 5%, respectively. Using an R software package called mice, we performed multivariate imputation by chained equation to generate 50 completed data sets (van Buuren & Groothuis-Oudshoorn, 2011) . Statistical inference was performed on these completed data sets and then aggregated according to Rubin's rules (Barnard & Rubin, 1999) . Table 1 lists participant demographics. Participants were White and African American, ranged in age from 49 to 67 years, and had been diagnosed with one of multiple categories of early-stage, nonmetastatic breast cancer. In Table 2 , we list the mean (SD) levels of the PN symptoms before and after chemotherapy. Generally, levels of pain, fatigue, and depression were mild to moderate, with fatigue and depression both increasing from T1 to T2.
Results

Targeted Metabolites Pre-and Post-chemotherapy
Using a gas chromatography-time-of-flight mass spectrometry platform, we quantified levels of kynurenine, serotonin, and TRP and calculated the kynurenine/tryptophan ratio (K/T ratio; Table 3 ). Levels of kynurenine increased from T1 to T2, while levels of serotonin and TRP decreased across the same period. The K/T ratio also increased. Only the changes in kynurenine and the K/T ratio were statistically significant. Table 4 provides the correlations between the changes from pre-to post-chemotherapy of targeted metabolite concentrations and K/T ratio and the changes in PN symptoms of pain, fatigue, and depression. While we found moderate-to-strong correlations between changes in pain and TRP concentration and the K/T ratio and between changes in depression and serotonin concentration, only the negative correlation between changes in TRP and pain was statistically significant (p ¼ .009, q ¼ .108).
Correlations Between Changes in PN Symptoms and Targeted Metabolites From Pre-to Post-chemotherapy
Changes in Global Metabolite Concentrations From Pre-to Post-chemotherapy
Using a gas chromatography-time-of-flight mass spectrometry platform, we quantified 200 structurally known metabolites among 13 participants pre-and post-chemotherapy. Samples from six participants were contaminated with iodine and thus did not meet quality control standards. Overall, we annotated approximately 200 metabolites representing amino acid metabolism (48%), lipid metabolism (6%), organic acid metabolism (23%), purines (12%), and sugars (11%). Several metabolites An estimate of the false discovery rate, which is given by the q value, was calculated to take into account the multiple comparisons that normally occur in metabolomic-based studies. A low q value (q < .10) is an indication of high confidence in a result. b Statistically significant change from before to after chemotherapy.
had q values <20% and p values <.01. Levels of the a amino acid N-acetyl-L-alanine (p ¼ .000, q ¼ .134) and the indole n-indoxyl sulfate (IS; p ¼ .001, q ¼ .145) increased significantly post-chemotherapy, while levels of the carboxylic acid 5-oxo-L-proline decreased significantly (p ¼ .001, q ¼ .145).
Correlations Between Changes in PN Symptoms and Global Metabolites From Pre-to Post-chemotherapy Pain. Table 5 shows the correlations between changes in levels of the PN symptom of pain and global metabolite concentrations from T1 to T2. Increased pain was associated with increased levels of betaine and decreased levels of the a amino acids acetyl-arginine, guanidinoacetate, and citrulline; the g amino acid 4-guanidinobutanoate; the essential amino acids TRP and n-TRP; and the branched-chain amino acid L-valine. Fatigue. Decreases in the levels of multiple bile-related compounds (bile acids and bile salts) were significantly associated with increases in the level of fatigue post-chemotherapy, including taurochenodeoxycholic acid (T-CDCA), n-T-CDCA, T-CDCA-SF1, T-CDCA-SF2, taurocholic acid (TCA), n-TCA, glycocholic acid (GCA), n-GCA, GCA-SF1, glycocholate, glycodeoxycholic acid (GDCA), n-GDCA, n-chenodeoxycholyglycine, n-taurodeoxycholic acid, ursodeoxycholic acid, chenodeoxycholyglycine, and n-tauroursodeoxycholic acid (Table 6 ).
Other classes of metabolites significantly associated with higher levels of fatigue post-chemotherapy included diazines, monosaccharides, and fatty acids (Table 7) . Increased levels of the diazines uracil, n-uracil, and 5,6-dihydrouracil were associated with increased levels of fatigue. Decreased levels of monosaccharides were associated with higher levels of fatigue post-chemotherapy, specifically n-glucose/fructose, n-glucose/ fructose [M þ Cl] À , and aldo/keto-hexose. Fatty acids that were associated with fatigue post-chemotherapy included arachidonic acid, which was negatively associated with fatigue, and n-malate, citramalate, and n-citramalate, which were positively associated with fatigue. In addition to these classes, higher levels of the peptide n-cys-gly were associated with higher levels of fatigue. The steroid tetracosahexaenoic acid and quinolones n-3,4-dihydroxybenzenesulfonic acid and Note. Pearson's correlations for the changes in metabolite concentrations and the changes in PN symptoms before and after chemotherapy.
a An estimate of the false discovery rate, which is given by the q value, was calculated to take into account the multiple comparisons that normally occur in metabolomic-based studies. A low q value (q < .10) is an indication of high confidence in a result. b Statistically significant correlation.
6-quinoline carboxylic acid were negatively associated with fatigue. Two carbohydrates and carbohydrate conjugates were also negatively associated with fatigue: n-D-glucoronic acid/ D-glucoronolactone/D-(þ)-galacturonic acid and n-disaccharide (6C/6C). A carbonyl compound, 5-hydroxymethyl-2-furaldehyde, and the amine histamine were negatively associated with fatigue, as were two carboxylic acids and derivatives, threonine/homoserine, and L-arginine. Higher levels of 5-oxo-L-proline were associated with higher levels of fatigue.
Depression. The only metabolite with a significant correlation with depression was nicotinamide (NAA; r ¼ .834, p ¼ .0007, q ¼ .200).
Discussion
To the best of our knowledge, this study is the first to examine global and targeted metabolites from the TRP pathway in women with early-stage breast cancer prior to and after completing chemotherapy as well as the relationships of these metabolites with symptoms of pain, depression, and fatigue. We designed this investigation as a pilot study to examine archived plasma samples for metabolomic measures and to detect differences in metabolites prior to and post-chemotherapy. There were several noteworthy findings. First, there were significant changes in the concentrations of TRP-related metabolites from before to after chemotherapy including a statistically significant increase in kynurenine and an increase in the K/T ratio. The increase in the ratio indicates increased TRP breakdown, which has a neurotoxic effect. These results are similar to those researchers found in a sample of patients with non-small cell lung cancer who had decreases in melatonin, TRP, and 6-hydroxymelatonin sulfate (6-OH-MLT) concentrations over time during chemotherapy (Hu, Shen, Yin, Xu, & Hu, 2009 ). In the psychiatric literature, there is support for an imbalance between neuroprotective and neurodegenerative metabolites in the kynurenine pathway due to immune activation leading to sickness behaviors including depressive symptoms, anxiety, fatigue, and sleep disturbances (Myint et al., 2007) . Levels of multiple metabolites changed significantly from pre-to post-chemotherapy. Levels of the a amino acid n-Nacetyl-L-alanine and the IS increased post-chemotherapy while the carboxylic acid n-5-oxo-L-proline decreased. Acetylalanine has been associated with adverse health outcomes. In one study, researchers found that high levels of N-acetylalanine had modest associations with all-cause mortality in African Americans (Yu, Heiss, Alexander, Grams, & Boerwinkle, 2016) . The biological functions and health effects of this amino acid, however, require further investigation. Researchers have also reported neurotoxic effects of IS after chemotherapy administration in animal models, raising the possibility that specific chemotherapeutic agents may leave a metabolomic fingerprint (Iwata et al., 2007) . In a study evaluating cisplatin administration, increased levels of IS were associated with nephro-and central nervous system toxicity including dysregulation of the circadian rhythm (Russcher et al., 2015) . In another study, higher serum IS level was independently associated with lower executive function in patients with chronic kidney disease (F ¼ 12.76, p < .0001; Yeh et al., 2016) . Among various uremic toxins, researchers posit that IS and p-cresyl sulfate are most likely to negatively affect this cerebro-renal interaction (Yeh et al., 2016) .
Increased levels of pain and fatigue after chemotherapy were associated with multiple metabolites in the present study. Increases in pain levels from pre-to post-chemotherapy were associated with increased concentrations of betaine. Betaine is an n-trimethylated amino acid and important cofactor in methylation, including the synthesis of dopamine and serotonin, neurotransmitters involved in pain processing. In addition, decreased levels of a, g, essential, and branched amino acids were associated with increased pain from pre-to post-chemotherapy. Deficiencies in many of these amino acids, including N-acetyl-arginine, guanidinoacetate, citrulline, and n-citrulline have been associated with joint and musculoskeletal pain, and amino acid supplements are often used to treat the associated pain (Ursini & Pipicelli, 2009) . Decreased levels of the essential amino acids TRP and n-tryptophan have been associated with increases in the affective dimension of pain (Labus et al., 2011; Shell et al., 2016) .
Increased levels of fatigue post-chemotherapy were associated with decreased levels of multiple bile-related metabolites in the present study. Primary bile acids are secreted by hepatocytes and transformed by the intestinal microbiota into secondary bile acids, such as GCA. Bile acids facilitate excretion, absorption, and transportation of fats and sterols in the liver and intestines and play a role in cholesterol homeostasis and microbiome signaling . Researchers reported similar findings of decreased bile acid synthesis in patients with chronic fatigue syndrome, which they attributed to a state of hypometabolism known as dauer (Naviaux et al., 2016) . Dauer is an evolutionarily conserved response that authors have described in invertebrates that is triggered by exposure to adverse environmental conditions and confers survival advantage.
Fatigue was also associated with changes in diazines, monosaccharides, and fatty acids. Diazines, notably uracil, are essential for the synthesis of enzymes required for cellular function. The pyrimidine metabolism pathway leads to uracil, while 5,6-dihydrouracil is a metabolite from the intermediate breakdown of uracil. The monosaccharide metabolite aldo-keto/hexose (HMDB) was also associated with fatigue in the present study. The main source of HMDB is lactose found in the milk of mammals but also in some fruits and vegetables. Enzymatic action initiates its utilization for energy. In addition, lower levels of glucose/fructose and glucose/fructose [M þ Cl À ] were associated with increased fatigue, suggesting a possible link between fatigue and bioenergetic inefficiency. Amino acids in the fatty acids class that were associated with fatigue in the present study include the hydroxyl fatty acids citramalate and malate and a polyunsaturated fatty acid arachidonic acid. The hydroxyl fatty acids are similar to each other in structure except there is an additional CH3 on citramalate acid. Malate is the ionized form of malic acid, which is an intermediate of the tricarboxylic acid (TCA) cycle. When combined with nicotinamide adenine dinucleotide (NAD þ ) during the cycle, malate generates NADH, a form of NAD that has two additional electrons, through oxidation, which is the equivalent to 2.5 adenosine triphosphates, the main energy source in humans. The polyunsaturated fatty acid arachidonic acid is found in human adipose tissue, liver, and brain. This acid mediates inflammation and is the substrate for the synthesis of a range of biologically active compounds involved in cytokine production and immune function. The metabolites associated with increased fatigue in this pilot study thus are involved in human energy metabolism by involvement in bile production and synthesis, carbohydrate metabolism, and/or as part of the TCA cycle. Given these preliminary findings, which support the relationships among metabolites in women with breast cancer who experience fatigue, additional studies are needed to verify the alterations in bioenergetics metabolites associated with chemotherapy.
The only metabolite associated with depression in the present study was NAA, the amide of nicotinic acid (niacin). NAA is a key component of both the production of energy and signal transduction-processes that undergo crucial changes in cancer cells (Chiarugi, Dolle, Felici, & Ziegler, 2012) . However, NAA may boost the effects of chemotherapy by acting as a sensitizing agent and increasing blood flow to tumors. NAA also has anxiolytic properties and has been shown to reduce cellular apoptosis.
Limitations
In this pilot study, we did not include potential effects of other covariates or confounding variables in our analysis. The parent study used a "pragmatic trial" design to ensure that study participants were similar to those who would receive the intervention if it became usual care (Ford & Norrie, 2016) . Research in individuals undergoing breast cancer treatment using "reallife" participants involves differences in treatment regimens driven by patient and provider choices. These differences can include type of infusion, infusion interval, and use of premedications for chemotherapy such as Zofran. Other covariates that may have influenced study findings include individual variations in lifestyle behaviors that may have changed with the emotional impact of a cancer diagnosis, presence or absence of a support system, and lifestyle choices such as dietary adjustments, increased or decreased levels of physical activity, or changes in risky behavior such as increased or decreased smoking or alcohol intake (Suhre et al., 2010) . We also could not control for the potential for a variety of pharmacologic agents to have influenced the metabolomics landscape in this patient population, including analgesics, cardiovascular protective medications, antidiabetic medications, moodstabilizing agents (e.g., anxiolytics, antidepressants, and antiepileptics), or antirheumatic drugs (e.g., immunosuppressants; Dougados et al., 2014) . In addition, several of our samples were contaminated with iodine. We speculate that betadine (povidine/iodine swabs) may have been used in the sample collection as part of the protocol to cleanse porta-catheters prior to chemotherapy infusion. Although we have not found reference to iodine contamination in other reports, results from this pilot study illuminate the need for strict attention to presample collection protocol (Gika & Theodoridis, 2011; Guest & Rahmoune, 2017) .
Despite these limitations, information gained through this examination of metabolites in relation to pain, fatigue, and depression in women with breast cancer can serve as a foundation for a study that includes healthy controls, comparative disease processes, and control for comorbidities and other potential covariates in women with breast cancer, so that the biological processes associated with cancer chemotherapy that contribute to the severity of PN can be fully elucidated. These findings, in turn, could be used for the development of targeted therapies to reduce the suffering associated with breast cancer and its treatments.
Conclusion
Preliminary data from this pilot study support the further exploration of global and targeted metabolomic profiling for hypothesis generation regarding the biological mechanisms associated with PN symptoms in women with breast cancer. We found multiple significant changes among global and targeted metabolites from pre-to post-chemotherapy and significant correlations between metabolites and changes in the symptoms of pain and fatigue. However, given the limited sample size and preliminary design of the study, the findings need to be confirmed with larger samples of women with breast cancer, preferably in a study with a longitudinal design that follows subjects through active treatment and into survivorship. Careful attention to sample collection protocols and documentation of potential covariates, such as physical activity, medications, and diet, will help to elucidate relevant metabolic pathways of the symptom trajectory.
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